Objective: To assess the utility of a head-mounted wearable inertial motion unit (IMU)-based sensor and 3 proposed measures of postural sway to detect outliers in athletic populations at risk of balance impairments. Methods: Descriptive statistics are used to define a normative reference range of postural sway (eyes open and eyes closed) in a cross-sectional sample of 347 college students using a wireless head-mounted IMU-based sensor. Three measures of postural sway were derived: linear sway power, eyes closed vs eyes open sway power ratio (Ec/Eo ratio), and weightbearing asymmetry (L-R ratio), and confidence intervals for these measures were calculated. Questionnaires were used to identify potentially confounding state variables. A prospective study of postural sway changes in 47 professional, college, and high school athletes was then carried out in on-field settings to provide estimates of session-to-session variability and the influence of routine physical activity on sway measures. Finally, pre-post-injury changes in sway are measured for a participant who was diagnosed with a concussion. Results: Despite the heterogenous population and sampling environments, well-defined confidence intervals were established for all 3 sway measures. Men demonstrated significantly greater sway than women. Two state variables significantly increased sway: the use of nicotine and prescription medications. In the athletes, session-to-session variability and changes due to routine physical activity remained well within 95% confidence intervals defined by the cross-sectional sample for all 3 sway measures. The increase in sway power following a diagnosed concussion was more than an order of magnitude greater than the increases due to session-to-session variability, physical activity, or other participant state variables. Conclusion: The proposed postural sway measures and head-mounted wearable sensor demonstrate analytic utility for on-field detection of abnormal sway that could be potentially useful when making remove-from-activity and return-to-activity decisions for athletes at risk of impact-induced balance impairments.
Introduction
Measures of postural sway are important for assessing abnormalities of the vestibular system resulting from a wide range of injury, medical-treatment, and agerelated balance impairments, including concussions, [1] [2] [3] [4] subconcussive events, vestibular apparatus, the risk of damage to otolith or semicircular canal hair cells due to high acceleration forces and other factors, and the overall complexity of multisensory integration that combines visual, proprioceptive, vestibular, and efferent motor inputs and outputs to maintain body position. 10, [17] [18] [19] The vestibular system is also essential for gaze stabilization and visuomotor coordination, and persistent vestibular impairment due to head impacts has been observed to cause deficits of athletic performance and increase the risks of falls and future sports-related orthopedic injuries.
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While severe impairments of balance can be identified by qualitative variations of Romberg testing and the BASS and BEST balance tests, instrumented measurements provide enhanced sensitivity for detecting less severe vestibular abnormalities. 26 Tools such as force plates, routinely used for balance assessment in clinical environments, are impractical to implement on-field in most athletic settings and are inefficient for assessing an entire team in parallel during games or practices where time is limited. Force plate sway metrics are all derived from body center-ofmass (COM) trajectory parameters calculated from foot center-of-pressure (COP) data, modeling the body as an inverted or articulated pendulum and requiring multiple biophysical assumptions. [27] [28] [29] There is still no consensus in the literature as to the accuracy and physiological interpretation of these many sway metrics. 30 As an alternative, inertial measurement unit (IMU)-based sensors worn on the body have been shown to provide valid and sensitive metrics of postural sway 31, 32 that correlate well with force plates. 33, 34 Here, we focus on a head-mounted wireless sensor that can be rapidly deployed in the on-field setting. Head-mounted IMUs are increasingly used to continuously monitor intensity and frequency of head impacts during athletic events. 35 In addition, head-mounted IMU devices can be used to evaluate postural sway, 36 a proxy for vestibular integrity, analogous to what has been accomplished with body-mounted IMUs (which do not track head impacts) and force plates.
In the current paper, we establish the utility of a simple and pragmatic head-mounted IMU measure of sway that does not require biophysical models or complex computation. Our goal was to test if this device could be used to obtain standardized, practical, on-field measures of postural sway in less than one minute, with the acquisition supervised by non-expert operators. Standardization under these variable conditions could help to more effectively quantify potential vestibular impairment in a variety of populations and measurement settings. We characterize the performance of this wearable head-mounted IMU-based sensor for measuring postural sway in four independent populations. First, we tested a large sample of otherwise healthy college undergraduates to establish normative values of sway across a general population of young adults. To increase the generalizability of the findings to non-laboratory settings, the measures were obtained across heterogeneous campus environments and they were obtained by undergraduate research assistants rather than expert laboratory technicians. Participants in this phase of the study also completed a questionnaire to identify state variables that might influence balance as measured with the device. We hypothesized that a variety of lifestyle-related variables such as prior exercise, sleep, food consumption, use of medications, recreational drugs, nicotine, and alcohol might influence balance performance. To expedite data acquisition, independent morphometric properties such as height and weight, which have been previously shown to influence measurements of sway, were not replicated in this study. Descriptive statistics from the measures of the large sample were then used to establish normative confidence intervals. These could then be used for defining outliers that would suggest a participant had vestibular dysfunction, applicable to a general population, irrespective of morphometrics.
To further evaluate the robustness of the benchmark measures defined from the cross-sectional sample, we tested session-to-session variability of the above sway measures for a men's professional soccer team. To our knowledge, evaluations of the within-session and between-sessions reliability of sway parameters measured by inertial sensors have only been reported for small experimental populations, 32, 34 and none of these studies utilized head-mounted sensors. We also evaluated the influence of routine physical activity 37 during typical training sessions on measures of postural sway for college women's soccer and volleyball teams. Finally, to further demonstrate the potential utility of a head-mounted IMU for on-field quantitative assessment of balance impairment, we present a case study of 6 varsity high-school football players for whom data were acquired before and after a practice during which one of the athletes sustained a concussion.
Methods Participants
Sample 1 (Normative measures in a general population): The cross-sectional study of college undergraduates was performed on campus at the University of California at Santa Barbara (UCSB). A total of 347 participants were measured by 10 undergraduate research assistants and included in the study (196 women, 150 men, one undeclared, mean age 21.1 ±0.32). Inclusion criteria was anyone aged 18 and older. Exclusion criteria were no major medical disease or ongoing illness (by self report). The RAs were also advised to not recruit participants who might be intoxicated based on behavior or self report. However, no formal testing of blood alcohol levels was obtained to screen subjects. Sample 2 (Session-to-session variability of postural sway): This was a targeted recruitment of 22 healthy male athletes (aged 22.6±3.6) from a professional soccer team, participating in up to 15 measurement sessions before practices. All data were acquired at the team's practice facility over a 37-day period.
Sample 3 (The influence of physical activity on postural sway): This was a targeted recruitment of women from two college athletic teams. 11 women's soccer players (aged 19.9 ±0.3) were tested before and after practice during 13 separate sessions over a 40-day period, and 8 women's volleyball players (aged 19.9±0.4) were tested before and after practice during 15 separate sessions over a 43-day period. All data were acquired at their respective practice facilities.
Sample 4 (Repeated measures in a setting with high risks for concussion): This was a targeted recruitment of 6 members of a varsity high school football team, all 18 years of age, during regularly scheduled practices. All data were obtained on field or in the team meeting room.
Ethical considerations
Sample 1 participants provided informed consent in accordance with the UCSB IRB and were paid $2 for their participation. Professional, college and high school athlete testing was carried out under Western IRB Study Number 1188786, and all participants provided written informed consent.
Measurements
Sample 1 participants in the cross-sectional study were tested with a wearable IMU sensor housed in a removable plastic shell and positioned superior to the right ear by means of an athletic headband ( Figure 1A ). Postural sway measurements were carried out in flat-soled shoes or socks, and on a hard surface. Sample 2-4 athletes were tested with a miniaturized wearable IMU sensor mounted on the skin superior to the right ear by means of a disposable 2-sided medical adhesive patch ( Figure 1B ). Both sensors incorporate the same processor, memory, Bluetooth communications, and IMU module, capable of measuring postural sway, single head impacts, and cumulative head impact loads.
Participants were instructed to stand erect with feet pressed together, and after a 5-second count down, data were obtained for 30 s with eyes open and after a brief pause a second set of data were obtained for 30 s with eyes closed. Filtering of the raw accelerometer data was carried out directly on the IMU. Measures of linear motion along 3 axes were sampled at 100 Hz and transmitted via Bluetooth to the investigator's iPhone or iPad and uploaded to a cloud database for subsequent analyses. The mobile app and cloud data platform support connectivity to an entire team of sensor-equipped athletes in parallel, providing a significant streamlining of the athlete testing workflow. Cumulative sway motion at the head was quantified by calculating linear sway power directly from B A In addition to the above accelerometer measures, each participant in Sample 1 (the cross-sectional study)
completed an online questionnaire that queried their history of prior concussions and a set of state variables related to sleep, exercise, diet, nicotine, medications, recreational drugs, alcohol, and caffeine.
Data analysis
All analyses were performed using the statistical software R, version 3.3.2. As a first step, distributions of sway measures from Sample 1 were first tested for normality by the Shapiro-Wilk statistic with the R-function shapiro.test. The power measurements deviated significantly from a normal distribution (as shown in Figure 2 ).
Descriptive statistics
Because of the non-normal distributions, confidence intervals were derived using a bootstrap method with the R function boot.mean. 
Analysis of variance testing
To test for effects of gender and the state variables obtained by questionnaire, the sway power data were first log transformed. Null hypothesis testing was performed by t-test (R function t.test), ANOVA (R function anova), and for unbalanced designs involving repeated measures ANOVA with linear mixed effects models (R functions aov and lme). To test for an increased bias in the lateral axis independent of left-right directions, the absolute value of the L-R ratio was used in the ANOVA to test for lateral bias. Because the goal of this survey experiment was to identify any potential factors that might impact measures of sway, we report uncorrected p-values (0.05 threshold). All error bars reflect standard error of the mean.
Results

Sample 1 -Cross sectional sample of a college population
The primary objective with this sample was to develop a normative description of sway measures, organized by significant state and trait variables.
Gender and visual feedback
As shown in Figure 2 and summarized in 
History of concussion
A total of 32 participants in Sample 1 reported having had experienced a previous concussion. While two had occurred within 3 months, the remainder had occurred at least 12 months prior to this study, with many extending back more than 5 years prior to this study encounter. Thus, the pooled results reflect the influence of remote concussion on sway. There were no significant differences observed for any of the sway measures. However, these results are based on self-reporting from a small pool of participants, so the interpretation of potential changes in postural sway after head injury merit further investigation.
Participant state
A wide variety of environmental or state variables can potentially influence postural stability. As shown in Table 2 and Figure 3 , of the entire set of state variables Notes: % p<0.06 significant main effect of condition. *p<0.05 significant main effect of condition. Data are further subdivided by gender based on the significant differences shown in Table 1 . Abbreviation: ns, not significant. that we queried, the most important single factor influencing the power estimates of postural sway was the use of nicotine. Consumption of any nicotine products significantly increases postural sway in both men and women and whether the eyes were open (F(1,342)=3.49, p<0.06) or closed (F(1,342)=5.249, p<0.03). There was no interaction of the nicotine effect with gender. Nicotine did not cause a significant difference in the three ratio measures (Ec/Eo, L-R, F-B). On further analysis of only the nicotine users, we found that time since last nicotine (1, 2, 4, 8 hrs) did not influence the increase in power, suggesting that nicotine causes a long-lasting decrement of postural stability. The other state variable that influenced postural sway was use of prescription medications in the previous 48 hrs. While the effect was not significant with eyes open, sway was significantly increased with eyes closed (F(1,342) =4.16, p<0.05). Because this was not a clinical study with HIPAA clearance, we do not know the specific prescription medications that were taken. Of the remaining queried state variables, caffeine, diet, exercise sleep, alcohol consumption, and recreational drug use had no observed effect on sway measures.
Sample 2 -Repeated measures from a men's professional soccer team
The primary objective with this sample was to evaluate session-to-session variability of the postural sway measurements. To assess this, 22 professional men's soccer players were tested with eyes open and eyes closed before practice in 15 separate sessions over a 37-day period. As shown in Figure 4 , the average values of sway power ( Figure 4A ), L-R ratio ( Figure 4B) , and Ec/Eo ratio ( Figure 4C ) were entirely consistent with the previous large cross-sectional study and all values were well inside of 95% confidence intervals. (F-B ratio was not estimated in this sample). Similarly, as shown in Figure 5 , the session-to-session variance was also low for sway power (Figure 5A ), L-R ratio ( Figure 5B) , and Ec/Eo ratio ( Figure 5C ), further supporting the reliability of the sway measures with this wearable device. The team's average coefficient of variation of postural sway power across all sessions was 32% (±3.69) with eyes open and 35% (±4.10) with eyes closed, and the ratio of Ec/Eo varied by 24% (±1.81). There was much greater variability in the L-R ratio, reaching 100% (±7.83) with eyes open and 88% (±5.6) with eyes closed. Examination of individual values reveals that this high variation is largely an effect of small numeric ratio values. In no case was a sway power or ratio value outside the 95% confidence interval defined by the larger independent cross-sectional sample.
Sample 3 -Effects of physical activity in college women's soccer and volleyball
The primary objective with this sample was to evaluate the impact of physical activity on postural sway measurements. Sway data was collected both before and after training sessions for a women's collegiate soccer team and a women's collegiate volleyball team. In these populations, we focused on overall sway power and L-R ratio as indicators of recent physical activity. As shown in Figure 6 , the range of values is consistent with the other cohorts in this paper. For both sports, there is a significant effect of vision on sway power: it increases with eyes closed F(1,282)=26.6, p<0.0001 for soccer, F(1,238)=26.9, p<0.0001 for volleyball. Sway power also increased significantly after physical activity: F(1,282) =13.8, p<0.0002 for soccer, F(1,238)=11.8, p<0.0007 for volleyball, but all values remained within the 95% confidence intervals defined by the large cross-sectional sample. There was no significant interaction between physical activity and vision. In contrast to sway power, neither team demonstrated a significant difference of L-R ratio after physical activity. Sample 4 -The effect of acute concussion on postural sway, a case report
While testing the reliability and utility of the device in high school football, we had the opportunity to capture serial sway measures before and after an isolated concussion in a group of high school football players. We acquired serial pre-and postpractice postural sway measurements for six 18-year-old high school varsity football players who were being tracked as a group (all starters with significant impact exposure on a regular basis). Mid-season, one of the players was suspected during practice of having experienced a concussion, and subsequently diagnosed with a concussion by the team athletic trainer. As shown in Figure 7A , the concussed athlete's postpractice Eo and Ec sway powers both showed a 9-10-fold increase, more than an order of magnitude greater than the activity-related increases observed for the other five players, and more than an order of magnitude greater than the sessionto-session variability or the increases due to physical activity or other participant state variables observed in the other cohorts in this paper. The concussed athlete was subsequently managed according to the California Interscholastic Federation (CIF) concussion guidelines and return to play protocol. In parallel, repeated measurements of sway over the ensuing two weeks demonstrated the eventual recovery to baseline, as shown in Figure 7B .
Discussion
In this study, we demonstrate a head-mounted wearable IMU-based sensor, together with a set of postural sway measures that are sufficiently consistent, reproducible and sensitive for actionable assessments in both clinical and onfield environments. The device itself is small and unobtrusive enough to be worn by athletes of any age, any skill level, and in any sport. The 95% confidence intervals for normative values of the sway power, Ec/Eo ratio, and L-R ratio are remarkably tight for all measures, suggesting that it is feasible to identify individuals as outliers after accounting for eye state and gender. We also took into account many of the concomitant factors that potentially influence a healthy person's vestibular function. Nicotine was found to increase sway in both men and women, consistent with previous reports that nicotine can induce transient balance impairments. 40 Analogous increases of sway were observed in the small subset of subjects taking prescription medicines. It should be noted however that while these state variables led to increased sway, the effect size was small and neither of the observed changes in our IMU-based measures of postural sway due to participant state exceeded the 95% confidence intervals. Similarly, session-to-session variability and the effects of routine physical activity did not lead to sessions with an abnormal increase of sway. These results establish the potential utility of this approach for detecting abnormal sway and quantifying natural variations that should be considered when making remove-from-activity and return-toactivity decisions, or when attempting to quantify the effects of sub-concussive head impacts. Indeed, the potential of the device for on-field injury detection and subsequent tracking of clinical recovery was clearly demonstrated in a case report of a high school athlete suffering a concussion. While limited to a single case, the results underscore a key point, that simple practical on-field measures of sway hold enormous potential for characterizing injury-related deficits of balance.
Such a solution is also applicable to a wide range of other populations at risk of balance impairments, including elderly people, 41 industrial workers, 9 and military personnel, 10, 11 and can be used by clinical and allied health care providers to: measure changes in postural sway for individuals or groups; identify individuals falling outside of normative ranges so that they can be proactively flagged for evaluation and any required further assessment and treatment; and track progress during recovery and rehabilitation.
Conclusion
This paper establishes the utility of a very simple and practical head-mounted IMU-based measure of postural sway that does not require the biophysical models or complex computations associated with force plates. The results demonstrate that the device can be used to effectively quantify potential vestibular impairment in a variety of populations and measurement settings, with the data acquisition supervised by non-expert operators. Since the device is headmounted, it can also monitor cumulative head impact exposures that cause balance impairments such as those observed via the postural sway measures. These dual-function measurements and related correlations between impact loads and balance impairments will be the subject of future studies. 
